We report a numerical study on traveling-wave convection in a binary fluid mixture with a laterally imposed weak through-flow. Nonlinear convective states were determined by solving two-dimensional basic hydrodynamic field equations subject to nonperiodic lateral boundary conditions. This system has previously been found to exhibit repeated and coexisting dynamical states for a channel with small aspect ratio. We study the patterns observed in channels with large aspect ratio and the influence of the aspect ratio on convection evolution. In long channels, traveling waves in one convective cycle have sufficient space to relax in the downstream region, while in short channels, the system appears to exert some stabilizing influence on traveling waves. This causes the critical Rayleigh number (at which the convective pattern makes a transition from one type to another) to depend on the aspect ratio. It is also found that the cycle periods of repeated evolution are not determined simply by the linear growth rates of convective perturbations, but are influenced greatly by the length of the convection channel. §1. Introduction Many spatially extended nonlinear dissipative systems when driven away from equilibrium come to possess a linear instability that leads to self-organized macroscopic structures (patterns) with spontaneous symmetry breaking. 1) In recent decays much interest has been attracted to the study of such systems, examples including Rayleigh-Bénard systems, 2) convection in systems of binary fluid mixtures, 3) chemical reaction systems 4) and granular material systems. 5) Apart from these homogeneous systems, studies of pattern formation in anisotropic systems, e.g., ordinary Rayleigh-Bénard convection subject Poiseuille flow, 6) rotation, 7) and inclination, 8) have also contributed many novel important insights. For example, it has been found that a laterally imposed shear flow pushes stationary convective rolls in a RayleighBénard system downstream and also changes the roll alignment. 9) The competition between longitudinal (aligned parallel to the through-flow) and transversal rolls (axes oriented perpendicular to the through-flow) even produces time-dependent behavior. 10), 11)
§1. Introduction
Many spatially extended nonlinear dissipative systems when driven away from equilibrium come to possess a linear instability that leads to self-organized macroscopic structures (patterns) with spontaneous symmetry breaking. 1) In recent decays much interest has been attracted to the study of such systems, examples including Rayleigh-Bénard systems, 2) convection in systems of binary fluid mixtures, 3) chemical reaction systems 4) and granular material systems. 5) Apart from these homogeneous systems, studies of pattern formation in anisotropic systems, e.g., ordinary Rayleigh-Bénard convection subject Poiseuille flow, 6) rotation, 7) and inclination, 8) have also contributed many novel important insights. For example, it has been found that a laterally imposed shear flow pushes stationary convective rolls in a RayleighBénard system downstream and also changes the roll alignment. 9) The competition between longitudinal (aligned parallel to the through-flow) and transversal rolls (axes oriented perpendicular to the through-flow) even produces time-dependent behavior. 10), 11) Unlike the stationary convective rolls appearing in pure fluids, the first dynamical states observed in the convection of a binary fluid mixture, such as, ethanol and water, are intrinsically time dependent, consisting of traveling waves (TWs) which arise through a subcritical Hopf bifurcation for ψ ≤ −L. 12) Here ψ is the separation ratio that measures the stabilization of the fluid layer due to the Soret effect, and L is the Lewis number. Therefore, richer dynamics can be expected in a binary mixture convection system when a lateral through-flow is imposed. It is somewhat surprising that until quite recently there was no comprehensive investigations of the influence of through-flow on the linear 13) and nonlinear 14) behavior of transverse convective rolls. The first such investigations, 13), 14) though restricted to patterns with spatially uniform amplitudes, indicate that the bifurcation behavior is surprisingly complex. The main points of these investigations can be summarized as follows. The threshold values of the Rayleigh number R for traveling waves directed upstream (TWU) and traveling waves directed downstream (TWD) * ) and their relative positions with respect to each other depend on the strength of the through-flow measured by the Reynolds number (Re). 13) The through-flow also breaks the smooth connection of two symmetric TW branches (as a function of R) with the stationary overturning convection (SOC) states. 14) This causes the range of stable nonlinear TWUs located in the region of small Rayleigh number to become much narrower than that of stable TWDs, and can even cause it to vanish, depending on the values of Re and ψ. This indicates that the investigation of convection structures in more realistic channels is necessary.
A previous study of transverse roll patterns was carried out for a short channel of aspect ratio Γ = 12 under non-periodic inlet and outlet boundary conditions. 15) The repeated evolution of TWU structures and steady coexistence of linear TWU and nonlinear TWD patterns were observed in this system. In this paper we report results for convective patterns in longer channels with Γ = 20 and Γ = 40. These results indicate that the spatiotemporal evolution and the stability of convection patterns are related to the aspect ratio. It is found that the aspect ratio also influences the cycle periods and critical transition points between different types of convection patterns. Our investigation is based on two-dimensional (2D) computer simulations of the governing field equations that are given in §2. The results are presented in §3. We first describe the type of patterns occurring only in longer convection channels, and then the influence of the aspect ratio on pattern selection is discussed. We also study the periods of the repeated evolution. In §4 we give a conclusion. §2.
Mathematical modeling
We consider a binary fluid mixture driven by a pressure gradient across a twodimensional rectangular channel heated uniformly from below. In the Boussinesq approximation appropriate for experiments, the resulting system is described by the nondimensionalized equations 9), 16)
where u = (u, w) is the velocity field in (x, z) coordinates scaled by κ/d, and p is the effective pressure scaled by κ 2 ρ 0 /d 2 . Here κ is the thermal diffusivity, ρ 0 is the mean mass density, and d is the height of the layer. In these equations, δT = (T − T 0 )/∆T denotes the deviation of the temperature from the mean temperature T 0 in the fluid scaled by the temperature difference between the plates. The auxiliary field δη = δC − ψδT is introduced for convenience, since the term −L∇δη represents the diffusive current of concentration, with δC = (β/α)(C − C 0 )/∆T being the scaled deviation of the mass concentration of the solute from its mean value, C 0 . Here α is the thermal expansion coefficient, and β is the solute expansion coefficient. The lengths are measured in units of the layer depth d and the time in units of the vertical thermal diffusion time, t v = d 2 /κ. The system is specified by five dimensionless parameters: the Rayleigh number, R = (αgd 3 ∆T )/(κν), the Prandtl number, σ = ν/κ, the Lewis number, L = D/κ, the separation ratio, ψ = S T C 0 (1 − C 0 )β/α, and the Reynolds number, Re = (Ūd)/ν. Here, ν is the viscosity, g is the acceleration due to gravity, D is the concentration diffusion coefficient, S T is the Soret coefficient, andŪ is the mean lateral flow velocity. The top and bottom confining surfaces of the convection channel are considered to be rigid (no-slip), isothermal and impermeable, which imply the conditions 17) u
Laterally, convection-suppressing boundary conditions 18) are applied, meaning that we assume the convection is suppressed both at the inlet and the outlet. Such boundary conditions are a reasonable approximation of the conditions used in the experiment performed by Luijkx et al. on a system consisting of pure fluid convection with through-flow, where they attempted to reduce inlet and outlet turbulence by using porous plugs at both ends of the channel. 19) Accordingly, in our simulations we used Poiseuille velocity profiles and basic conductive profiles for temperature and concentration:
Note that here we do not stipulate the conditions for concentration and temperature at the outlet boundary. Since a through-flow displaces convection rolls downward, of which concentration has been strongly mixed by the convection, it may be more realistic to assume vanishing x derivatives of the concentration and temperature, that is,
However, our runs with linear profiles both for concentration and temperature at the outlet show that the influence created by the use of these profiles is negligible; They result in the alternation of some local details but not the global pattern dynamics.
Equations ( Figure 1 (a) depicts the space-time evolution of traveling wave convection for a channel with Γ = 20 at r = 1.1845. Since a repeated dynamical state was observed, only the segment containing an entire cycle is shown here. At t = 110, convection exists only in the downstream region (cf. Fig. 1 (b)(I)). To understand the spatiotemporal structure of the system, let us trace the evolution of the conductive state in the inlet region. We observed that this region is unstable, and convective perturbations grow out of it. The resulting perturbation TW propagates in the upstream direction, with a frequency ω of about 3.18, which is in reasonable agreement with a predicted oscillation frequency of a linear instability for a TWU, 13) given by
Repeated evolution with a transition from TWU to TWD
Here ω H = 6.47 is the Hopf value in the absence of through-flow, where the sign indicates the propagation direction. We did not observe any contribution of the TWD in this linearly unstable regime, because the TWU has a larger growth rate than the TWD. This suppresses any TWD admixture. 14), 15) When the amplitude of the linear wave grows to about 2, the nonlinearity begins to dominate the evolution of the wave. Very close to the inlet, the convection suddenly collapses to a small amplitude state. The value of amplitude in this state is about 0.1, which is about 2% of the saturation value. Thus, although the amplitude does not vanish, because it is very small, we refer to this as a convective state. For the other part of the convective wave under consideration, the phase velocity slows down, and finally the propagation direction reverses into the downstream direction, and the amplitude also approaches its nonlinear saturation value of about 5. The reversal of the phase velocity is not surprising, since strong convective transport decreases the concentration gradient of a binary fluid mixture, which is associated with its frequency, 16), 21) whereas the drift velocity due to through-flow changes only slightly at this transition. 15) The decay of the TWU close to the inlet is attributed to two natural causes. 15) The first is the nonlinear instability of TWU convection rolls, since a linear wave can survive the effect of through-flow. The second is related to the convection-suppressing boundary conditions at the inlet. These boundary conditions imply that the injected fluid from the inlet into the convecting channel is in a conductive state without any convection motion. The frequency of the reversed wave is modulated continuously as it travels downstream, but the wave remains a TWU, * ) which only drifts downstream due to the advection with through-flow. To make this clear, we show in Fig. 1(b) the lateral profiles of the vertical velocity w and concentration 85δC at the mid-plate position of the channel for three representative times. In Fig. 1(b)(I) (t = 139) , for the single convective pulse, the phase relation among the different fields is such that the concentration wave is positioned upstream of the vertical velocity wave by about 1/4 wavelength. In this state, there is a higher concentration in the counterclockwise circulating rolls than in the clockwise circulating rolls, as shown in Fig. 1(c)(I) . This phase relationship implies that the propagation direction of the wave, caused by the concentration contrast between adjacent rolls, is in the upstream direction; i.e., the wave is a TWU. With the passage of time, the system evolves into a new stage, beginning at a spatiotemporal point, where a convection front from which nonlinear convection rolls are generated is formed. Nevertheless, this front is not stationary, but moves downstream with a velocity of about 0.17. Initially, the newly generated rolls forming the tail of the front remain TWUs [cf. Fig. 1(b)(II) ], but eventually they become TWDs [cf. Fig. 1(b)(III) ]. During this transition TWU → TWD, the concentration in counterclockwise circulating rolls decreases and that in clockwise circulating rolls increases. After passing a state with concentration equilibrium between adjacent rolls, the system relaxes into the TWD state with a reverted concentration contrast between the rolls. As shown in Fig. 1(c)(III) , the concentration in the counterclockwise circulating rolls becomes smaller than that in the clockwise circulating rolls. When the wave packet approaches sufficiently close to the outlet, its amplitude gradually decreases, and finally it disappears there. The decay of the convection is obviously caused by the influence of the boundary conditions, because * ) For a nonequilibrium dissipative pattern-forming system with a Hopf bifurcation, when the stress parameter exceeds a critical value, the uniform state becomes unstable with respect to linear TW perturbations and saturates into nonlinear TW states. To better understand the discussion in the text, we would like to explain some basic differences between linear TWUs and nonlinaer TWUs here. First, their amplitudes are different. The amplitudes of a linear TWU are smaller than those of a nonlinear TWU. Second, they have different oscillation frequencies (cf. Fig. 2 ). This property is related to the fact that the fluid is a binary mixture.
1) A linear TWU has the critical frequency (ω H ) obtained from linear stability analysis. While the nonlinear TWU state has a frequency of only about ω H /10 -ω H /3 near the onset of convection. 16) Note that in this paper a TWU is to refer a TW state whose concentration gradient tends to cause propagation in the upstream direction. However, because through-flow pushes convection rolls downstream, although linear TWUs propagate upstream direction, but nonlinear TWUs propagate downstream direction (cf. Fig. 1 ). This is the reason that we observed the reverse of the wave propagation direction. The last difference concerns their wave shapes. For linear TWUs, all wave profiles of velocity, temperature and concentration are harmonic. For nonlinear TWUs, however, they deviate from harmonic shapes.
In particular, the concentration profile comes to assume a trapezoidal, strongly non-harmonic shape [cf. Fig. 1(b) ]. Strongly nonlinear mixing causes such a concentration distribution, and therefore the concentration gradient between adjacent rolls become much smaller than that in the linear state. This is the reason that nonlinear TWUs have much smaller oscillation frequencies than linear TWUs. the convection is completely suppressed there. However, a nonlinear TWU will become a linear TWU when it approaches sufficiently close to the outlet. 15) In the following section, we again encounter this relinearization phenomenon of TWU. The spatiotemporal evolution described above lasts about 70t v , from its growth in the inlet region to its final decay in the outlet region. Fig. 1(b) . At t = 152(II), the convection consists of two parts. One part is a linear TWU filling the inlet region, and the other is a nonlinear TWU occupying the outlet region, which correspond to the different evolution stages of two cycles. Although they have the same phase relation (TWU), the through-flow causes them to propagate in opposite directions from a source defect. The convective structure at t = 158 (III) includes three cycles from the upstream region to the downstream region. The region very close to the inlet, where the convection decays from a linear wave, is free of convection and marks the beginning of a novel structure evolution. A nonlinear TWU pulse occupies the middle part of the channel, while a nonlinear TWD that originated from the oldest cycle dominates the outlet region. Please pay close attention to the phase relationships between the velocity (w) and concentration (δC) waves in the different convection regions [ Fig. 1(b) ], which determine their traveling directions caused by concentration gradients. We also observe that the amplitude (w) modulations at fixed spatial points are almost strictly periodic, as illustrated in Fig. 2 . The amplitude modulation is influenced by the interaction between two convective cycles, which is discussed below. Here, we note that the evolutions of the different cycles are isolated of each other; i.e. they evolve independently and do not interact.
As the Rayleigh number r increases, the period of the cycle decreases, and the positions at which the convection fronts are generated move upstream. As a result, the waves from two cycles contact each other in the downstream region, as illustrated in Fig. 3 . For this value of r = 1.21, the cycle period decreases to about 20t v . Meanwhile, the front generation point has moved upstream to a spatial position x = 7.5, in comparison with x = 12 at r = 1.1845 (cf. Fig. 1 ), and the phase velocity of the front also slows down to about 0.10. Here, all new convective rolls generated from the front have the structure of TWDs. As a result, the nonlinear TWD structure dominates the convection, and the spatiotemporal evolution is more like that of a periodic TWU pulse invading a predominantly TWD convection. Generally speaking, such an overlapped structure consists of one or two space-time dislocation defects that represents the adjustment of the phase velocity and wavenumbers, * ) since the invading pulse has to exhibit a transition from a TWU to a TWD. Compared with the case of r = 1.1845, the amplitude modulations for r = 1.20 are less regular in the inlet region ( Fig. 3(b) ), reflecting the interaction between different convective cycles. However, in the completely nonlinear TWD region close to the outlet, the wave tends to a uniform state. When r is increased to about 1.225, both the front velocity and the growth rate of the linear TWU become zero, and the time-dependent evolution changes to a steady state, with the left part of the channel filled with a linear TWU and the right part with a nonlinear TWD. 15) The value of r at this transition point is much larger than when the channel is Γ = 12 (about r = 1.213). 15) 
Repeated TWU evolution and the influence of the aspect ratio Γ on pattern selection
At small Rayleigh numbers, repeated evolution of TWUs in the entire channel is also observed. Figure 4(b) illustrates such a spatiotemporal evolution at r = 1.1747. Within one cycle, the evolution of the convection proceeds as follows. The linear TWU grows in the upstream region, while decaying into a conductive state * ) The wavenumber modulation can be seen clearly in the space-time plots presented in this paper, i.e., from small wavenumbers in the TWU states to large wavenumbers in the TWD states. A detailed discussion of wavenubmer selection can be found in Ref. 15) . close to the inlet, and other convection rolls reverse their propagation direction downstream. When the convective roll train advances sufficiently close to the outlet, their amplitudes begin to decrease, and then the wave reverses propagation direction once more, with a phase velocity of a linear TWU. This linear TWU then grows again and merges into the nonlinear evolution region of a new cycle. Unlike the case in a short channel with Γ = 12 [cf. Fig. 4(a) ], here the larger aspect ratio allows the TWU to propagate further downstream. We found that the frequency of the TWU continuously decreases (the part due to the concentration gradient). As a result, the wave travels faster and faster downstream, and the region that is free of nonlinear convection becomes wider. In this situation, the new and old cycles become spatiotemporally staggered, as discussed in the previous section, and the convective amplitudes at fixed spatial points were observed to exhibit erratic modulation. For the value r = 1.1747, a run using a channel with Γ = 40 was also carried out. The spatiotemporal evolution of the TW pattern in that case is shown in Fig. 4(c) . This large aspect ratio provides sufficient space for the nonlinear wave to evolve completely in the downstream region. As the modulation of frequency and wavenumber proceeds, the nonlinear TWU continuously propagates in the downstream direction, until it completely relaxes into a nonlinear TWD. In this situation, a convective front is also formed, but well into the downstream region. On the other hand, two cycles of convective rolls connect smoothly in the nonlinear zone without defects, in contrast to the pattern shown in Fig. 3 . The smoothness of this merging between two cycles is not difficult to understand, since the long-time free evolution results in the TW approaching its final stable state before merging.
It is clear now that nonlinear TWUs are unstable TW for the values of the parameters used here. In §3.1, we found that as the Rayleigh number r becomes larger, nonlinear TWU becomes more unstable; i.e., it soon transforms into a nonlinear TWD. In this section, we find that as long as there is sufficient space, even at smaller r, a nonlinear TWU will relax to a nonlinear TWD in the downstream region. This instability is consistent with the result of Ref. 14). We note that shorter channels impart stability to TWU patterns due to the size effect. A representative example of this effect is provided by the fact that repeated TWU structure is observed at larger value r = 1.21 for Γ = 12 [cf. Fig. 8(d) in Ref. 15 )], in which TWU convective rolls are emitted from the front, whereas for r = 1.21 and Γ = 20 (cf. Fig. 3 ), the convective rolls emitted from the front are TWDs.
The emergence of the convection front is a natural physical process. This is because the linear region induced by through-flow close to the inlet cannot expand indefinitely, and the nonlinear convective structures are certainly maintained in the downstream region some distance from the inlet. The front emerging in the form of a TWU and a TWD depends not only on the aspect ratio Γ but also on the Rayleigh number r. In fact, the form of the front is coordinated with the instability of the nonlinear TWU and TWD discussed above. In a short container, the relaxation of a TWU to a TWD is hindered by the fact that the space is of limited extent, so that a TWU front can be maintained. 15) As illustrated in §3.1, in a longer container, even if a TWU front is generated initially, it will eventually be replaced by a TWD front. At larger Rayleigh number, the TWU becomes more unstable, so that only a TWD front appears.
It seems that the convective fronts have smaller velocities in shorter channels. For instance, the front velocity for Γ = 12 at r = 1.21 is about 0.06, much slower than the value for Γ = 20 at r = 1.21, approximately 0.10. We believe that this causes the time-dependent modulation to end at small value of the bifurcation parameter r in a short channel, as discussed in §3.1, because there is not sufficient space for TWU perturbations to develop non-linearity in a short channel. The aspect ratio also affects the cycle period of the repeated patterns. This point is discussed in the next section.
Cycle periods of repeated patterns
An important property of repeated TW convection is the cycle period. Generally speaking, there are two obvious factors that are responsible for this period. One is the linear growth rate of the TWU perturbations, and the other is the position of source defects from which the perturbations originate. As r increases, the linear growth rate increases and the time needed for TW perturbations to saturate becomes shorter. On the other hand, with the increase of r, the upstream invasion of the convective front causes the available growth space for the perturbations in the upstream region to contract. This, in turn, hinders the growth of perturbations. 22) For this reason, the cycle period tends to increase.
In Fig. 5 , we plot the cycle period T as a function of the Rayleigh number r for different values of the aspect ratio Γ . (Note that the cycle period is the average of the cycle periods of the repeated evolution, since they are not strictly periodic.) If the cycle periods are determined only by the linear growth rates, they should be proportional to the inverse of the linear grow rate γ U of the TWU, i.e. T ∝ 1/γ U . The linear growth rate γ U is proportional to r − r U c , 13) and thus T = A/(r − r U c ), where r U c = 1.138 is the onset of convection for the TWU and A is the coefficient. At r = 1.1747, for both Γ = 20 and Γ = 40, the cycle period was obtained to be T ≈ 31. We observed that convective perturbations of TWU grow exponentially as soon as they decay back into the conductive state in the linear region close to the inlet. We believe that at this value of r other factors have almost no effects on the cycle period. Letting the curve described by the above-mentioned formula pass through this point, A is fitted to be 1.10. For Γ = 20, for the reasons discussed above, the cycle period does not conform to this formula. As r increases, the second factor takes effect, and the cycle period begins to decrease more slowly than the prediction provided by linear growth rate γ U . For larger r, as the linearly unstable region in the inlet region becomes narrower, the cycle period comes to be nearly constant, and even appears to increase, before an abrupt transition to a time-independent convection patterns takes place. For smaller r, contrastingly, the cycle period becomes shorter as r decreases. Here, a new factor comes to affect the cycle period, and we discuss this below. The cycle period is influenced strongly by the aspect ratio Γ . As illustrated in Fig. 5 , the cycle period in a shorter channel with Γ = 12 is much shorter than that in a longer channel with Γ = 20 for smaller r. This is because in the channel with Γ = 12, the successive generations of different cycles that occur in the linear region close to the inlet are not independent. A cycle of saturation and decay evolves from the linear TWU, resulting from the relinearization of nonlinear TWU 15) that propagates directly upstream into the linear region. This relinearized TWU has larger amplitudes, and it soon grows as it propagates upstream. In the case of a longer channel, the evolution of a relinearized TWU that is confined in the nonlinear convection region downstream does not affect the cycle period directly [cf. Fig. 4(b) ]. In such a situation, the linear TWU in the inlet region grows out of small convective perturbations, and therefore, its cycle period increases. Of course, as long as r is sufficiently small, the relinearized TWU also affects the cycle period in longer channels. This is responsible for the property of period observed at smaller r for Γ = 20, as discussed above. For larger r, a nonlinear TWU does not exhibit relinearization, even in a short channel, 15) and the cycle period is no longer closely related to the aspect ratio.
For Γ = 40, although only the period at r = 1.1747 was obtained, it is believed that there is a range of r in which the cycle period is determined completely by the linear growth rate. This is because the convection can evolve more freely in the longer channel, while the other two factors do not take effect except at either lager or smaller values of r. §4.
Conclusion
We have numerically investigated traveling wave states in binary mixture convection in the presence of a laterally imposed shear flow with convection-suppressing boundary conditions at the inlet and the outlet. We first described the dynamical states of repeated evolution, in which a transition from a TWU to a TWD takes place in a channel with Γ = 20. This kind of convection pattern was not obtained in a short channel with Γ = 12. 15) Then, the influence of the aspect ratio Γ on convection patterns was investigated by comparing the dynamics in the channels with Γ = 12, 20 and 40. Also, the cycle period of the repeated convective patterns and the factors affecting it were studied. Now the essential characteristics of the pattern dynamics in this system for the parameter values under consideration (Re = 0.08, ψ = −0.1, σ = 10, L = 0.01) can be sketched out. First of all, the region near the inlet of the channel plays an important role in pattern formation. This region is free of nonlinear structures, but unstable with respect to TWU perturbations, so that it provides a mechanism for the system to exhibit repeated evolution. This is qualitatively different from the situation in single-component fluid convection subject to a horizontal shear flow, where the envelopes of localized structures of transverse rolls are time independent. 18), 23) Although TWUs dominate the initial instabilities of convection, they are unstable in nonlinear regions. Their nonlinear evolution in the downstream region comes to be dependent not only on the Rayleigh number r but also on the aspect ratio Γ . With the increase of the Rayleigh number r, the convective strength increases, and nonlinear convection can survive closer to the inlet. This provides more space for nonlinear TWUs to evolve into TWDs in the downstream region. Meanwhile, at larger values of the Rayleigh number, the nonlinear TWUs become more unstable and more susceptible to transformation into TWDs. For a larger aspect ratio, nonlinear TWU convection has more space to relax freely into TWDs.
Generally speaking, there are three kinds of convective patterns in this system. The first type is the repeated evolution of TWUs. The second type is also repeated evolution, but that in which TWUs originating in the upstream region eventually relax into TWDs in the downstream region. The third type is a time-independent state of coexisting linear TWUs and nonlinear TWDs. The repeated evolution of TWUs always exists at smaller Rayleigh numbers and/or smaller aspect ratios. The difference between repeated TWUs in short and long channels lies in the difference between the spatiotemporal positions of two convective cycles, which also influences the cycle period significantly. In addition, the interaction between two convective cycles may cause irregular spatiotemporal modulation. If a nonlinear TWU roll train advances sufficiently close to the outlet, it will decay into a linear TWU again. The second type occurs in longer convective channels at moderate Rayleigh numbers. At larger Rayleigh numbers, steady patterns of the third type are realized. The critical points for the transitions of different types of patterns depend on the length of the channel. The cycle periods of the repeated convective patterns are determined by three factors. These are the linear growth rate of TWU perturbations, the size of the unstable region close to the inlet, and the manner in which a relinearized TWU merges into a novel convective cycle, which is closely related to the heat driving rate (r) and the length of the channel (Γ ).
Although in most of cases, only the qualitative behavior of pattern dynamics was elucidated, our investigation provides solid evidence of the richness that exists in the systems with convecting layers of binary fluids in the presence of through-flow. We hope that our work will stimulate further theoretical and experimental investigations of such systems.
